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Abstract: A numerical investigation of low-order soliton evolution in
a proposed seven-cell hollow-core photonic bandgap fiber is reported. In
the numerical simulation, we analyze the pulse quality evolution in soliton
pulse compression and soliton self-frequency shift in three fiber structures
with different cross-section sizes. In the simulation, we consider unchirped
soliton pulses (of 400 fs) at the wavelength of 1060 nm. Our numerical
results show that the seven-cell hollow-core photonic crystal fiber, with a
cross-section size reduction of 2%, promotes the pulse quality on the soliton
pulse compression and soliton self-frequency shift. For an input soliton
pulse of order 3 (which corresponds to an energy of 1.69 μJ), the pulse
gets compressed with a factor of up to 5.5 and a quality factor of 0.73, in a
distance of 12 cm. It also experiences a soliton-self frequency shift of up to
28 nm, in a propagation length of 6 m, with a pulse shape quality of ≈ 0.80.
© 2013 Optical Society of America
OCIS codes: (190.5530) Pulse propagation and temporal solitons; (060.5295) Photonic crystal
fibers; (190.4370) Nonlinear optics, fibers.
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1. Introduction
Nowadays hollow-core photonic bandgap fibers (HC-PBGFs) and non-linear phenomena such
as soliton pulse compression (SPC) and soliton self-frequency shift (SSFS) are in continuous
investigation [1–3]. The interest of the scientific community has been focused on the devel-
opment of new technologies of light sources and applications based almost entirely in such
kind of fibers. Several research groups have made important advances both experimentally and
theoretically in the understanding of soliton compression and soliton formation as well as its
dynamics in HC-PBGFs [4–6]. Recently, in the study of SPC, Ouzounov et al. successfully
compressed a 120 fs input pulse into 50 fs pulse by using a 24 cm Xe-filled HC-PBGF [2].
Ge´roˆme et al. also reported the existence of soliton compression. They achieved output pulses
of 90 fs from 195 fs input pulses by using 8 m of tapered fiber [3, 7]. Lægsgaard and Roberts
studied numerically the soliton formation during the compression of chirped gaussian pulses in
HC-PBGFs. They concluded that the third-order dispersion, TOD, is a crucial parameter that
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Fig. 1. Cross section of the modeled HC-PBGF. The colored (white) areas indicate silica
(air) regions [15].
prevents the formation of shorter soliton pulses [8, 9]. Welch and collaborators demonstrated a
temporal compression factor of 12, in a seven-cell hollow-core tapered fiber with a length of 35
m, for picosecond input pulses [10].
On the other hand, SSFS and their applications have also been studied [11, 12]. Ouzounov
et al., for instance, reported a SSFS from 1470 nm to 1530 nm [4]. Making use of such phe-
nomenon, Ge´roˆme reported a high power tunable femtosecond soliton source of 33 nm wave-
length tuneability [13]. Gorbach and Skryabin studied the dynamics that accompany the soliton
propagation in the femtosecond regime in HC-PBGFs. Their model included non-linear re-
sponses of both the silica, in the cladding, and of the air. They concluded that the strong Raman
response of air does not always result in a large SSFS in HC-PBGFs [14].
Although SPC and SSFS have been studied, those studies lack of an analysis of the quality of
the output pulse. In a recent paper, we studied numerically the effects of tuning the cross-section
size of a HC-PBGFs on the modal parameters in order to have a fiber structure which promotes
pulse compression. The study includes an analysis of the pulse shape quality of the compressed
pulse as it propagates along the fiber [15]. In this paper, we apply such kind of analysis in or-
der to study the pulse quality in both phenomena SPC and SSFS. Firstly, we study the impact
of tuning the cross section size of the HC-PBGF on the modal parameters. Secondly, for the
studied HC-PBGF, we present a numerical study of low-order soliton evolution by solving the
generalized non-linear Schro¨dinger equation. In particular, we focus on finding a HC-PBGF
structure that promotes an improvement of the pulse quality of both the compressed and the
shifted soliton pulse. In the calculation, we consider an initial input pulse at a wavelength of
λ0 = 1060 nm. We also take into account contributions of air and silica to the non-linear pa-
rameter, the interplay of the effects of second- and third-order dispersion and the intrapulse
stimulated Raman scattering. Higher-order dispersion terms are neglected since the described
spectral evolution takes place away from the zero group-velocity dispersion (GVD) [14]. Ac-
cording to the author’s best knowledge, this is the first report of an analysis of the pulse quality
on SPC and SSFS in HC-PBGFs.
2. Theory and numerical procedure
The modeled HC-PBGF structure consists of a triangular lattice of rounded hexagonal holes
and an air core formed by seven-missing hexagonal unit cells as it is shown in Fig. 1. The
fiber transmission behavior is ruled by its geometry parameters, such as the hole diameter, d,
the pitch, Λ, the diameter of curvature at the corners, dc, the circle diameter, dp, the silica
ring thickness, t, and the core size, Rc. The core design of the fiber has a direct impact on
the modal properties of the fiber. In this way, the rounded hexagonal holes in the structure of
the fiber were chosen mainly for two important reasons: firstly, they increase the width of the
transmission band of HC-PBGFs [16], and, secondly, their shape is typically that founded in
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commercial fibers. We find the fundamental guided mode and its respective effective refractive
index for HC-PBGFs with three different cross-section sizes. Once the effective refractive index
of the mode is obtained, we compute their corresponding dispersion and non-linear parameters.
The former can be computed expanding the propagation constant, β (ω), around the central
frequency ω0 as [17]
β (ω) = β (ω0)+β1(ω0)Ω+(1/2)β2(ω0)Ω2 +(1/6)β3(ω0)Ω3 + ..., (1)
where Ω = ω −ω0, and
βk(ω0) = d
kβ
dωk
∣
∣
∣
∣
ω0
(2)
are the k-order dispersion parameters. The dispersion slope is quantified by the figure of merit,
RDS, given by the ratio [9]:
RDS = β3| β2 | , (3)
which has dimensions of time.
Although the core of the fiber is made of air, the non-linear parameter of the HC-PBGFs does
not only arise from the contribution of the air but also from the contribution of the silica [18,19].
This is because part of the guided mode also overlaps with regions made of silica. Therefore
it is important to include both contributions, that of the air and that of the silica, on the non-
linear parameter to the propagation equation. The non-linear parameter of the material can be
calculated from [17]:
γi =
2πni2
λAie f f
, (4)
where i can be a or s referring to air or silica, respectively. ni2 and Aie f f are the non-linear refrac-
tive index and the effective area of the i-th material, correspondingly [20]. The total contribution
of the non-linear parameter is given by [21]:
γT = γa + γs. (5)
Once the dispersion and non-linear parameters are obtained, we are able to study the evolu-
tion of low-order solitons in HC-PBGFs. We use the generalized non-linear Schro¨dinger equa-
tion which describes the propagation of light pulses in optical fibers. We consider the inclusion
of second- (β2) and third-order (β3) dispersion, as well as non-linear response (γ) and intra-
pulse stimulated Raman scattering terms on the Schro¨dinger equation. The propagation equa-
tion is numerically solved by using the symmetric split-step Fourier method. For the non-linear
response and Raman function, we take into account their corresponding contributions of the
silica and of the air [14], that is
∂A
∂ z +
i
2
β2 ∂
2A
∂ t2 −
1
6β3
∂ 3A
∂ t3 = iγa(1− fa) | A |
2 A+ iγs(1− fs) | A |2 A
+iγa faA
∫ +∞
−∞
dt ′Ra(t ′) | A(t − t ′,z) |2 +iγs fsA
∫ +∞
−∞
dt ′Rs(t ′) | A(t − t ′,z) |2, (6)
where A = A(t,z) is the slowly-varying pulse envelope in a co-moving frame and z is the spatial
coordinate along the fiber. The corresponding contributions to the Raman response function
due to air, Ra, and silica, Rs, are described by [17]:
Ri(t) = Θ(t)
(τ
(i)
1 )
2 +(τ
(i)
2 )
2
τ
(i)
1 (τ
(i)
2 )
2
exp
[
−t/τ(i)2
]
sin
(
t/τ(i)1
)
, (7)
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where Θ(t) is the Heaviside function, τ1 and τ2 are the Raman parameters, which values for
silica are well known and have the following values [17]: τs1 = 12.2fs, τs2 = 32fs and fs = 0.18.
Meanwhile, the estimated values for air are [14] τa1 = 62fs, τa2 = 77fs and fa = 0.5 .
Losses are neglected. Furthermore effects such as self-steepening, two-photon absorption
and plasma generation have also been neglected in the model because it is assumed that the
described spectral evolution takes place away from the zero GVD, wherein such phenomena
are no significant [14].
During the pulse propagation, a soliton is formed when the anomalous dispersion and the
non-linear effects (self-phase modulation) in the medium of propagation are mutually compen-
sated. The order of the soliton is given by: N2 = (t20 γT P0)/|β2|, where t0 is the pulse width and
P0 is the peak power. The fundamental optical soliton (with order N = 1) is a light pulse whose
temporal and spectral profiles does not change with propagation. If a higher-order, N > 1, soli-
ton propagates along the fiber, it undergoes stages of periodical compression and broadening
of its temporal and spectral shape. However, in the presence of perturbation, the higher-order
soliton breaks up into lower amplitudes sub-pulses. Such break up is known as soliton fission.
In the femtosecond regime, higher-order dispersion and Raman scattering are the main effects
that causes soliton fission. The distance at which fission starts usually corresponds to the point
where the evolving input higher-order soliton reaches its maximum bandwidth [22]. It is one
of our interest to find an optimum length at which a higher order soliton reaches its minimum
temporal width along with a high-quality shape. Such an optimum length, zopt , is predicted by
the following equation [23]:
zopt =
π
2
[
0.32
N
+
1.1
N2
]
LD, (8)
where LD is the dispersion length [17]. The pulse compression is quantified by the compression
factor defined by [24]:
FC =
tFWHM
tcomp
, (9)
where tFWHM and tcomp are the full-width at half maximum (FWHM) of the input and output
compressed pulse, respectively.
The pulse quality is quantified by quality factor,
Qc = 1− Epedestal100 , (10)
which gives the fraction of energy that is contained in the output pulse with respect to that of
the input pulse. Epedestal is the pedestal energy that gives the percentage of the total input energy
that is contained in the pedestal of the output (either compressed or shifted) pulse. It is defined
as [25]:
Epedestal =
| Etotal −Esech |
Etotal
×100, (11)
where Etotal is the total energy contained in the output pulse and Esech is the energy of a
hyperbolic-secant pulse having the same peak power and FWHM as the output pulse.
In our analysis, we consider a hyperbolic secant input pulses in the form of
A(t,0) =
√
P0 sech(t/t0), (12)
where the peak power takes values in such a way that the corresponding input soliton orders
are N = 2,2.5,3 and t0 = 400fs is the input pulse width.
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Fig. 2. Second- (a) and third-order (b) dispersion parameters as a function of wavelength
for the A, B and C structures.
3. Results and discussion
We studied three HC-PBGF structures, namely A, B and C. The A fiber structure has the main
initial parameters: d = 2.46 μm, Λ = 2.53 μm, dp = 0.66 μm, dc = 1.32 μm and Rc = 3.61
μm. Meanwhile, the cross-section size of the B and C fiber structures have been reduced to 1
and 2 %, respectively, with respect to that of the A structure. In other words, we consider that
the fiber preserves its original form and geometry and only experiences an uniform decrease
of its transversal dimensions. Second- and third-order dispersion parameters as a function of
wavelength for such structures are depicted in Fig. 2. The transmission bandwidth is ≈ 130
nm. Most of the allowed wavelengths are in the anomalous region. The zero-dispersion wave-
lengths (ZDWs) for the studied HC-PBGFs are located at 1015, 1005 and 995 nm, respectively.
In addition, the second-order dispersion parameter values, for the A, B, and C fiber structures,
at λ0 = 1060 nm, are the following: -120, -245 and -457 ps2/km, respectively. As expected,
the effect of reducing the cross-section size of the HC-PBGF is the shift of the ZDW to shorter
wavelengths and, consequently, the second-order dispersion takes more negative values Fig.
2(a). From Fig. 2(b), it can be seen that β3 presents the same qualitative behavior for the three
structures. TOD curves shift to shorter wavelengths and the value of β3 at 1060 nm gets in-
creased as the cross-section size of the fiber is reduced. Their corresponding β3 values are the
following: 5, 10 and 16 ps3/km, respectively. The respective energy of input solitons with or-
ders N =2, 2.5 and 3 are: 223.1 nJ, 348.6 nJ and 501.98 nJ, for the A fiber structure; 426 nJ,
666.51 nJ and 960 nJ, for the B fiber structure; and 0.751 μJ, 1.173 μJ and 1.69μJ for the C
fiber structure, respectively.
We can see from Fig. 3 the silica and air contributions to the total non-linear parameter
as a function of wavelength for the HC-PBGF A structure. Similar behavior of the nonlinear
parameter for the B and C structure is observed. A reduction of the cross-section size of the fiber
of 1% and 2% induces an increment of the magnitude of γT , at the wavelength of 1060 nm, of
0.057 ×10−5 and 0.131 ×10−5 1/(W ·km), respectively. We observe that the main contribution
to the non-linear parameter comes from the air region. The principal feature of γT , seen in all
corresponding curves, is the almost flat region that is present in the middle of the transmission
bandwidth. In addition, there is an increase in both the low and the upper sides of the respective
curves. Besides, γT takes higher values as the cross-section size is reduced.
Figure 4 shows the relative dispersion slope for the three studied HC-PBGFs as a function of
wavelength. It can be observed that the reduction of the cross-section size of the HC-PBGF pro-
duces lower values for the RDS and a decrease of the wavelength range, within the anomalous
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Fig. 3. Non-linear parameters contributions for the studied HC-PBGFs A structure as a
function of wavelength. The total non-linear parameter, γT , is given by the sum of the
contributions of the silica, γs, and of the air, γa.
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Fig. 4. Relative dispersion slope, RDS, as a function of wavelength, for the three studied
HC-PBGFs.
region, wherein the input pulse can propagate. The latter can be understood recalling that the
transmission window is shifted to shorter wavelengths due to the reduction of the cross-section
size of the HC-PBGF, as it can be seen from Fig. 2. The transmission wavelength ranges are ≈
52, 42 and 32 nm for the A, B and C fiber structures, respectively.
We study the evolution of a soliton pulse of order N, as it propagates along the HC-PBGF
taking into account the effects of second- and third-order dispersion, self-phase modulation and
intra-pulse Raman scattering. During the propagation, the pulse experiences an initial stage of
compression (or a broadening of the spectrum) and, after some distance it reaches maximum
compression (or maximum bandwidth), which corresponds to the optimum length, zopt , that
indicates the onset of the soliton fission. The resultant sub-pulse undergoes stages of compres-
sion and broadening experiencing a continuous shift to longer wavelengths due to the Raman
gain [22]. Then it follows the formation of a fundamental soliton which central wavelength
keeps redshifting as it propagates along the fiber. This behavior can be seen, in detail, in Fig.
5, which shows density plots for the temporal and spectral evolution of an input soliton pulse,
of order N = 2, as it propagates along ten meters of the A HC-PBGF. In the following, we
will study both the temporal and spectral evolution of a soliton pulse. Firstly, we will study the
optimum compressed soliton pulse and, secondly, the maximum soliton self-frequency shift.
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Figure 6 shows the compression factor experienced for the soliton pulse as it propagates
through the different studied HC-PBGFs. The soliton pulse propagates and undergoes a first
stage of compression in which it reaches a minimum temporal width at the optimum length,
zopt [see Eq. 8]. Later, a second stage is observed, in which there is an oscillatory behavior of
compression and broadening of the pulse width; and, finally, it follows a decreasing tendency
indicating the formation of a fundamental soliton which is fissioned from the input pulse. We
can also observe from Figs. 6(a)-6(c) that the maximum compression factor increases with a
higher value of the soliton order. Furthermore, we point out that the maximum values of the
compression factor of the pulse in all three studied HC-PBGFs are approximately equal but the
propagation length at which those values are reached decreases as the soliton order increases,
and the cross-section size of the fiber is reduced (or for those structures with larger negative
values of β2).
Figure 7 shows the quality factors of the pulse as it propagates along the three HC-PBGFs.
The behavior of the quality factor is such that it firstly decreases to a minimum value; then
it experiences an oscillatory stage and, after certain distance, it almost keeps a constant value.
The first two stages correspond to the stages of compression and broadening of the initial pulse.
Meanwhile, in the last stage, the formation of a fundamental soliton takes place. Another feature
seen in Fig. 7 is that higher-order input solitons results in, as an average, a general decrease of
the quality factor, and a decrease of the distance at which the fundamental soliton is formed.
For input solitons with orders of N = 2,2.5 and 3, the quality factors of the redshifted solitons
is ≈ 0.9, 0.85 and 0.8, respectively. Since, for higher-order input solitons, their quality factors
are negatively affected, we only present results for up to N = 3. It can be seen, from both Fig.
7 and Fig. 6, that in order to achieve higher compression factors, it is necessary to increase the
value of the soliton order. However, by doing so, it results in a decrease of the quality of the
compressed pulse.
This can be seen clearly in Fig. 8 where the temporal evolution of the pulse as well as the op-
timum output compressed pulse as a function of soliton order for the HC-PBGF C structure are
depicted. Considering an input pulse with a value of the soliton order of N = 2, the compression
factor reaches a value of 3.3, in 23 cm, with a pulse quality factor of 0.88. Meanwhile, for an
input soliton pulse of N = 3, its FC increases until 5.6, in 12 cm; however, the pulse quality
factor decreases to a value of 0.73. Similar behavior is observed for the compressed pulses for
the A and B fiber structures. Table 1 summarizes the results obtained for the SPC in the three
studied HC-PBGFs structures.
We can observe, in Figs. 9(a)-9(c), the spectra of the output-pulse power after 10 m of propa-
t (ps)
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Fig. 5. Density plots of the temporal (a) and spectral (b) evolution of an input soliton pulse
of order N = 2, along a propagation length of ten meters, in a HC-PBGF.
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Fig. 6. Compression factor as a function of the propagation length and of soliton number,
N, for the studied HC-PBGFs: (a) A, (b) B, and (c) C .
gation length for the A structure. If the input soliton number increases, the SSFS also does. For
the A fiber structure, the soliton of order N = 3 reaches a central wavelength of λ0 = 1076.5
nm.
In Figs. 9(d)-9(f), upper panels, the spectra of the output-pulse density for the C fiber struc-
ture can be seen. The soliton of order N = 3 reaches the largest SSFS after a propagation length
of 6 m: λ0 = 1088.4 nm. Such an improvement can be understood if we recall that the C struc-
ture presents higher values for its non-linear parameter than those corresponding to the A and
B fiber structures. We can also see from Figs. 9(d)-9(f), lower panels, that the higher value of
the soliton order, the larger initial shift of the fundamental soliton is. After an initial stage of
accelerated soliton redshift, it decelerates to a lower value. For example: for N = 2, after a prop-
agation length of 5 m, the fundamental soliton redshifts 11.6 nm; meanwhile, in the following
5 m of propagation, it only redshifts 3.2 nm. We underline that, according to our results, if the
soliton order is increased, the SSFS also does. Table 2 lists the output parameters of soliton
self-frequency shift for input soliton pulses of order N = 2,2.5,3, respectively, for the three
HC-PBGFs structures.
In summary, for soliton pulse compression, it has been observed that a reduction of the cross-
section size of the HC-PBGF results in that the second-order dispersion takes highly-anomalous
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Fig. 7. Pulse quality factor as a function of propagation length and of soliton number, N,
for the studied HC-PBGFs: (a) A, (b) B, and (c) C .
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Table 1. Output parameters of the optimum compressed pulse for the studied HC-PBGFs
structures.
Structure N FC QC zopt (cm)
2 3.2 0.88 88
A 2.5 4.4 0.79 61
3 5.5 0.72 46
2 3.3 0.86 43
B 2.5 4.5 0.78 30
3 5.6 0.71 23
2 3.3 0.88 23
C 2.5 4.5 0.79 16
3 5.6 0.73 12
values and, as a consequence, the optimum length for compression is reduced. Our results also
show a well known behavior: the greater soliton order (higher power), the higher compression
factor that is obtained. This has a cost in the compressed-pulse quality: high values of N results
in a reduction in its quality. The impact of the nonlinear parameter on SSFS is clearly visible,
since for the same order of soliton, the fiber structure wherein the SSFS is greater is that with
the largest nonlinear parameter. On the other hand, it also seen that a larger SSFS is reached, at
shorter propagation distance, when the order of the soliton takes greater values and the second-
order dispersion is more highly anomalous. The input soliton order, influences on both the SSFS
and the amount of energy that will be present in the output pulse, or energy conversion from
the input to the output soliton pulse. It is important to note, a high value of the soliton order
produces a reduction in the amount of energy contained in shifted soliton pulse. However, the
results show that for a value of N = 3, the output pulse will contain approximately 80% of the
energy of the higher-order input soliton.
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Fig. 8. Upper panels: output compressed pulses as a function of soliton order: (a) N = 2,
(b) N = 2.5 and (c) N = 3, for the C fiber structure. Lower panels: corresponding density
plots of the temporal evolution of the soliton pulse.
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Fig. 9. Spectra of the output-pulse power in the A (a)-(c) and C fiber structures (d)-(f),
upper panels. The corresponding density plots (lower panels) for the C fiber structure are
also shown. N is the soliton order and Δλ is the SSFS. The propagation length is z = 10 m
except for the case wherein N = 3 for the C structure, which z = 6 m.
4. Conclusions
We have performed a numerical study of the low-order soliton evolution in three hollow-core
photonic bandgap fibers which differ from each other in their cross-section size. We consider
unchirped pulses of 400 fs of width and with central wavelength of λ0 = 1060 nm. We have
focused on the analysis of the pulse quality evolution in soliton pulse compression and soliton
self-frequency shift. Our results show that the seven-cell HC-PBGFs, with a cross-section size
reduction of 2%, presents larger anomalous values of the second-order dispersion and greater
values of the non-linear parameter. If an input soliton pulse with order of N = 3 (which cor-
responds to an energy of 1.69 μJ ) propagates a distance of 12 cm, it gets compressed with a
compression factor of 5.5 and quality factor of 0.73. Meanwhile, after the input soliton pulse
propagates 6 m, its central wavelength redshifts to a shift value of Δλ = 28 nm and presents a
quality factor of ≈ 0.8. This work shows that in both phenomena SPC and SSFS is not only
important to have either a high compression factor or a large displacement of the output soliton
pulse, respectively, but also a high quality of the output pulse. For the SPC it is desirable that
the compressed pulse has the minimum pedestal energy, which implies a high quality factor.
On the other hand, in the case of SSFS phenomenon, a high pulse quality results in that most of
the energy of the input soliton pulse is transferred to the shifted output soliton pulse. Therefore,
an analysis of the pulse quality during the propagation of soliton pulses along HC-PBGFs is
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Table 2. Output parameters of the soliton self-frequency shift for the studied HC-PBGFs
structures. The propagation length is z = 10 m except for the case wherein N = 3 for the C
structure, which z = 6 m.
Structure N Δλ (nm) QC
2 7.7 0.89
A 2.5 12.2 0.86
3 16.5 0.80
2 10.6 0.89
B 2.5 16.6 0.85
3 22.4 0.80
2 14.8 0.89
C 2.5 23.4 0.85
3 28.4 0.80
necessary in order to find an appropriate fiber structure as well as the input soliton pulse that
promotes both SPC and SSFS.
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